The solid state chemistry leading to the synthesis and characterization of metal nitrides with N:M ratios > 1 is summarized. Studies of these compounds represent an emerging area of research. Most transition metal nitrides have much lower nitrogen contents, and they often form with nonor sub-stoichiometric compositions. These materials are typically metallic with often superconducting properties, and they provide highly refractory, high hardness materials with many technological applications. The higher metal nitrides should achieve formal oxidation states (OS) attaining those found among corresponding oxides, and they are expected to have useful semiconducting properties. Only a very few examples of such high OS nitrogen-rich compounds are known at present. The main group elements typically form covalently bonded nitride ceramics such as Si 3 N 4 , Ge 3 N 4 and Sn 3 N 4 , and the early transition metals Zr and Hf produce Zr 3 N 4 and Hf 3 N 4 . However, the only main example of a highly nitrided transition metal compound known to date is Ta 3 N 5 , that has a formal oxidation state +5 and is a semiconductor with visible light absorption leading to applications as a pigment and in photocatalysis. New synthesis routes are being explored to study the possible formation of other N-rich materials that are predicted to exist by ab initio calculations. There is a useful interplay between theoretical predictions and experimental synthesis studies at ambient and high pressure conditions, as we explore and establish the existence and structure-property relations of these new nitride compounds and polymorphs. Here we review the state of current investigations and indicate possible new directions for further work.
Introduction
The solid state chemistry of transition metal nitrides is distinct from that of corresponding oxides. Nitride chemistry long remained a relatively neglected area of research, but intensive investigations throughout the past 30-40 years has greatly increased the number of known nitride compounds. However, although many new compounds and structure types have been discovered and characterized, the number of materials still remains limited relative to that of the oxides [1] [2] [3] . One of the main features of nitride chemistry is that the transition metals usually occur with lower formal oxidation states than are achieved among more ionic oxide or halides compounds, and the materials are often sub-or non-stoichiometric. For example, typical binary nitrides include Cr 2 N, TiN x (0.76 < x < 1.1), Mo 2 N or MoN compared with the oxides Cr 2 O 3 , TiO 2 and MoO 3 . Although the nitride structures often map on to those found among the oxides and halides, such as the cubic rocksalt structure found for TiN x , the bonding in the nitrides is largely metallic with strong overlap between the metal atoms, and the N atoms are usually considered to occupy interstitial sites within the metal sublattice. These properties are shared by corresponding carbides such as TiC or WC and they lead to highly refractory, high hardness materials leading to their use as abrasives, structural cermets and protective coatings. They are typically superconducting and can achieve relatively high T c values (e.g. 15-18 K for NbN and MoN) and they provide conductive diffusion barrier layers for electronics devices. The optical properties lead to coloured coatings for costume jewellery, and they have applications in catalysis [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
However, some nitrides and oxynitrides occur with the transition metals in higher oxidation states. The classic example is Ta 3 N 5 formed by ammonolysis and other reactions at ambient pressure conditions that provides a semiconductor used in pigments and which has potentially useful photocatalytic properties [14] [15] [16] . Zr and Hf typically form metallic mononitrides, but Zr 3 N 4 that can be prepared via chemical routes is a narrow gap semiconductor. A cubic polymorph as well as the first example of Hf 3 N 4 have also recently been produced using high pressure-high temperature combination of the elements (Table 1 ) [17] . Previously unknown nitrides such as PtN 2 , IrN 2 , OsN 2 and PdN 2 have also recently been obtained by this method (Table 1) [18] [19] [20] [21] . Other higher nitrides as well as different crystalline polymorphs have been predicted to exist using ab initio theoretical techniques [22] [23] [24] [25] . Devising synthesis routes to these new phases and studying their properties and structural polymorphism is an active area of current research. Here we review a selection of these studies and indicate new areas to be developed.
Synthesis of higher nitrides

General considerations
Several factors contribute to the difficulty of synthesizing nitride compounds, and especially higher metal nitrides. The large bond enthalpy of the triply bonded N 2 molecule (946 kJ mol ) and the fact that the molecular bonding levels are completely filled makes this a generally unreactive element compared with oxygen or the halogens. Once a metal nitride is formed, however, it tends to form a highly refractory material due to intermetallic bonding contributions, although the enthalpy of formation of TiN (-337 kJ mol -1 ) is only around one third that of TiO 2 [26] . In addition, the nitrides tend to react with O 2 and H 2 O at high temperature, and oxynitrides can form readily during synthesis and processing. Hence considerable precautions need to be taken to exclude air and moisture from the apparatus and precursors. These considerations provide barriers to the experimental investigation of nitride solid state chemistry. Thermal stability is a further impediment to the exploration of higher nitrides. Although the binary nitrides of groups 4 (Ti, Zr, Hf) and 5 (V, Nb, Ta) have extremely high thermal stability (e.g. HfN decomposes at >3000 °C [27] ), the thermal stability of nitrides (and similarly carbides) drops sharply at around group 6 (Cr, Mo, W) [28] , and until recently no nitrides of the 4d and 5d metals of groups 7 to 12 were known at all. It is critically important to include both thermodynamic and kinetic considerations in any attempts at synthesis design.
Ambient and low pressure synthesis approaches
The simplest way to obtain a binary compound is to combine the constituent elements under a given set of P,T conditions. Heating metals or samples mixed with carbon to high temperatures in N 2 or NH 3 environments and examining the recovered products has resulted in much of our current knowledge of transition metal nitride-carbide compounds and their phase relations [29, 30] . However, these techniques usually lead to formation of lower nitride materials.
Physical vapour deposition (PVD) and ion implantation techniques provide an important subset of elemental combination reaction schemes that result in thin films of materials including nitrides. Poorly crystalline, N-rich ZrN x films with x up to 1.33 are reported [31] and some composition control can be achieved by varying the nitrogen partial pressure over which deposition takes place [32] . The cubic Th 3 P 4 -structured (I-43d) c-Zr 3 N 4 phase that was originally discovered via high-P,T synthesis techniques (section 2.3) has now been produced as a thin film by filtered cathodic arc PVD [33] or radiofrequency sputtering of Zr under high purity N 2 gas [34] . Important properties including the mechanical (critical stress, hardness) and electrical (resistivity, carrier concentration and Hall mobility) behaviour have been measured for the thin film. An important implication of this result is that new materials originally produced by synthesis under high-P,T conditions may go on to be achieved metastably at low pressure in technologically useful forms such as thin films [35] . Niobium nitrides with N-rich compositions up to Nb 3 N 4 have been produced by pulsed laser deposition of Nb in N 2 /H 2 mixtures [36] , Ta 3 N 5 films have been obtained by various PVD methods [37, 38] and Ta 4 N 5 has been obtained by reactive sputtering (Table 1) [39] .
Reactions of thin metal films with ammonia have been used to prepare tetragonal M 4 N 5 (M = Nb [40] , Ta [41] and Mo [42] ) and hexagonal M 5 N 6 (M = Nb [40] and Ta [41] ) compounds ( Figure 1 ) ( Table 1 ). The tetragonal phase forms a cation-defective NaCl-type lattice with ordered vacancies, whereas the hexagonal structure has been described as an intergrowth between the WC-(P-6m2) and NiAs-type (P6 3 /mmc) structures due to its AABB… packing arrangement [43] . The layered hexagonal phases W 2.56 N 4 and WN 2 have also been reported to occur from reactions of very thin W films with ammonia at 750 °C followed by quenching, although the compositions of these phases were only estimated from atom positions obtained from electron diffraction analysis and these materials have not yet been produced in bulk form [44, 45] . TaN 6 octahedra and trigonal prisms) [46, 47] .
Chemical vapour deposition (CVD) and atomic layer deposition (ALD) techniques are well developed for metal nitride thin films. These techniques have been extensively investigated as fabrication methods for applications in microelectronics as well as protective coatings on metals and ceramics. Fix et al. reported crystalline Zr 3 N 4 and Hf 3 N 4 films in 1991, produced from tetrakis(diethylamido) complexes of the metals and ammonia under atmospheric pressure CVD conditions [48] . They also observed a small nitrogen excess in the TiN films deposited from Ti(NMe 2 ) 4 . The diffraction data showed all to have very similar patterns to those of the rocksaltstructured mononitrides. In the TiN samples the lattice parameter was identical to that of bulk TiN, whereas the Zr 3 N 4 and Hf 3 N 4 samples showed an increase in lattice parameter that was suggested to be combined with a small rhombohedral distortion and ascribed to partially-filled tetrahedral interstices.
There is a significant literature on the ALD synthesis of tantalum nitrides, including deposition of Ta 3 N 5 films from TaCl 5 , Ta(NMe 2 ) 5 or Ta(N t Bu)(NEt 2 ) 3 with NH 3 [49] . Often these films are amorphous and a significant part of the research effort has been to avoid the formation of the higher Ta oxidation state to produce metallic compositions for use as barrier layers and conductive gate materials [50, 51] . A novel nitrogen-rich tantalum nitride phase produced by plasma enhanced CVD from TaCl 5 and nitrogen is Ta 2 N 3 , which crystallises with a cubic Mn 2 O 3 -type ordered defect fluorite lattice [52] . This compound has now also been reported to occur from high-P,T synthesis reactions between Ta and N 2 [53] .
Solid state metathesis reactions using a metal halide and a nitrogen source such as Li 3 N or NaN 3 provide a potential route to nitrogen-rich compositions as they often use halides that combine readily with the alkali to produce nitrides with the metal ions in high oxidation states. These reactions reach high temperature very rapidly and are also very rapidly quenched with the possibility of recovering metastable phases. As the thermal stability of the product is reduced (from group 6 onwards) it becomes more difficult to obtain samples of the metal nitride without an elemental metal contaminant present, as the synthesis T approaches that of thermal decomposition. However, even with early transition metals these reactions usually lead to lower nitride compounds or elemental metals in combination with gaseous nitrogen [54] [55] [56] [57] [58] , e.g.: 3TiCl 4 + 4Li 3 N → 3TiN + 12LiCl + ½N 2 An exception to this general observation is the synthesis of Ta 3 N 5 formed by reacting solid TaCl 5 with LiNMe 2 , although this reaction required subsequent annealing of the amorphous product in ammonia to yield a crystalline phase [59] . Use of similar reagent mixtures under solvothermal conditions is highly effective for controlling the distribution of thermal energy that is evolved rapidly throughout these highly exothermic reactions, and metal reduction occurs to a lesser extent. However, this is still dependent to a large extent on the inherent thermodynamic and kinetic stability of the product phases. ZrCl 4 or NbCl 5 react with Na 3 N in supercritical benzene to produce the mononitrides [60, 61] , as formed in the solid state reactions between these reagents [36] . However, the solvothermal reaction of CrCl 3 with Li 3 N yields CrN (decomposition temperature ~925 °C [62] [36] . Only in the case of Ta 3 N 5 produced from TaCl 5 and LiNH 2 or ammonia has a truly high oxidation state, nitrogen-rich composition been produced under solvothermal conditions [64, 65] . Interestingly, using ammonia as the nitriding agent high-aspect single-crystal nanorods of this phase were produced, Figure 2 . Some higher transition metal nitride compounds can be produced by ammonolysis of a simple binary precursor. Ta 3 N 5 is readily produced by reaction of TaCl 5 [66] or Ta 2 O 5 [67, 68] with NH 3 at elevated temperature. Ta 3 N 5 has a pseudo-brookite (Cmcm) structure containing irregular TaN 6 octahedra linked by 3-and 4-coordinate nitrogen atoms ( Figure 1 ). It is a useful orange-red pigment [69, 70] with an optical band gap of 2.1 eV, and its suggested applications for photocatalysis using visible light irradiation have been responsible for the recent growth in interest in this phase. Domen and co-workers initially reported a quantum efficiency of ~10% for overall water splitting with good hydrolytic stability using this material [14] . Further work has examined potential improvements in its photocatalytic activity by high pressure ammonia treatment [71] or sodium doping [72] , as well as its use to generate electrical currents in photoelectrochemical cells [15, 73] .
Other nitrogen-rich transition metal-containing phases have so far mainly been a subject of intellectual curiosity, although they are predicted to have useful semiconducting, optical or chemical properties. A red-brown phase of Zr 3 N 4 is prepared by ammonolysis of ZrCl 4 between 850 and 950 °C [74] . It has an orthorhombic Eu 3 O 4 -type (Pnam) structure with distorted octahedral and trigonal prismatic ZrN 6 coordination polyhedra. In contrast to Ta 3 N 5 , Zr 3 N 4 cannot be prepared by ammonolysis of the oxide [75] . Mo 5 N 6 can be produced by ammonolysis of MoS 2 at 750 °C. All these phases are stable up to ~800 °C in inert atmospheres before their decomposition to the corresponding mononitrides [54, 56, 75] .
Various molecular precursors have been used to produce bulk metal nitride powders. Using urea as a nitrogen source with chloride-or alkoxide-based precursors leads to TiN, VN, CrN, Fe 2 N, Fe 3 N, NbN, Mo 2 N, MoN, W 2 N [76] . The only nitrogen-rich phase to have been produced in this way is Ta 3 N 5 [77] . The reaction of chlorides with ammonia in solution to form a chloride-imide polymer followed by heating in ammonia has produced TiN, VN and WN [78] [79] [80] , but the reactions of TaCl 5 yield Ta 3 N 5 and nitrogen-rich compositions can also be obtained from NbCl 5 (up to NbN 1.64 ) and from MoCl 5 (with reported compositions up to MoN 1.32 ) [81] .
Similarly metal dialkylamides react with liquid ammonia to yield amide-imide polymers that may be pyrolysed to yield TiN, ZrN or NbN [82] . A detailed study by Chisholm and co-workers [83, 84] showed that such reactions yield polymers that generally have the same metal oxidation state as the starting amide. Recorded thermogravimetric (TGA) decomposition profiles often contained a plateau at around ~400 °C that indicated formation of a nitrogen rich amorphous M 3 5 . All of these intermediate compounds lost further nitrogen at higher temperature, and only mononitride MN x (x ~ 1) or lower phases were present in the final products [84] . No N-rich crystalline phases were observed to form for metallic elements in group 6 and above.
Reinvestigation of the amide-derived TiN x system showed that the N-rich phase could actually contain significant carbon depending on the precursor used and subsequent annealing conditions. However, carrying out the ammonolysis reaction with TiN(Me 2 ) 4 and then heating in NH 3 resulted in nearly pure Ti 3 N 4 . The system, although mainly amorphous, contained 8-12 nm particles of TiN embedded within the amorphous matrix [85] . That result led to investigations of TiN x /a-Ti 3 N 4 nanocomposite materials [86] . The amorphous Ti 3 N 4 structure was studied using X-ray absorption and EXAFS techniques that showed the local atomic configurations were based on the TiN rocksalt (Fm-3m) structure, but with 40-50% vacancies on the cation and anion sites [85] . Similar products are obtained when titanium dialkylamides are reacted with primary amines then pyrolysed under ammonia [87, 88] . Reactions of Zr 4+ and Hf 4+ amides with ammonia did produce well defined M 3 N 4 phases, though these were poorly crystalline [89] , and could contain nanoparticles embedded in an amorphous matrix as found for Ti 3 N 4 . These analogous Zr and Hf nitrides have been shown to have broad peaks in their X-ray diffraction patterns that have been suggested to be due to a rhombohedrally distorted rocksalt structure.
High pressure synthesis approaches
An important and emerging area in metal nitride chemistry is the application of high-P,T techniques in the synthesis and characterization of new phases, with an integrated approach that combines experimental and computational studies. Of all the current nitrides produced using high-P,T experiments most have exploited the high N 2 thermodynamic activity (chemical potential) as a driving force for achieving synthesis. Because of its non-ideal properties, compressed fluid N 2 generates much higher chemical potentials (i.e., fugacities) than expected from the applied pressure conditions, and contributes significantly to the synthesis reaction. This has been investigated theoretically by Kroll [90] . The laser-heated diamond anvil cell (LH-DAC) provides an ideal reaction chamber and is particularly useful as it allows structural studies of the new nitrides to be carried out using X-ray diffraction and optical spectroscopy, and recovery of the materials to ambient conditions can be followed in situ. The condensed nitrogen is introduced either as a cryogenic liquid or as a pressurized gas into DACs and can act as a pressure transmitting medium (PTM). In high-P,T experiments the use of a nitrogen PTM can stabilize nitride materials for studies under extreme conditions, and facilitate the formation of new structures [91] [92] [93] . It can also act as a reaction component in high-P,T synthesis experiments [17-20, 53, 91, 94] . Another high-P,T synthesis approach involves the use of large volume press (LVP) apparatus such as the multi-anvil, piston cylinder, Bridgman opposed anvil or "belt" press devices, or toroidal and Paris-Edinburgh cell designs. Here the P,T conditions reached are generally less extreme than for LH-DAC studies, but larger sample quantities can be recovered.
A first example of using a high-P,T route was provided by Si 3 N 4 and Ge 3 N 4 . At low pressure these form a-and b-polymorphs that have structures with tetrahedral covalent bonding of the group 14 elements. High-P,T synthesis studies either reacting the elements or converting the low P polymorphs resulted in formation of g-Si 3 N 4 and g-Ge 3 N 4 with a cubic spinel structure [91, 93, 94] . At the same time Scotti et al. reported cubic spinel Sn 3 N 4 [95] from ambient pressure chemical reactions between SnI 4 or SnBr 2 and KNH 2 . Sn 3 N 4 was later achieved at high pressure using a metathesis reaction [96] . The possibility now exists to develop new materials in the spinelstructured g-(Si,Ge,Sn) 3 N 4 and SiAlON systems for electronic and structural ceramic applications [97] [98] [99] .
Zerr et al. used the LH-DAC approach to synthesize high density polymorphs of Zr 3 N 4 and Hf 3 N 4 from the elements at 15.6 to 18 GPa and at temperatures between 2,500 and 3,000 K [17] . No Hf 3 N 4 compound had been reported previously, but an orthorhombic form of Zr 3 N 4 was known from chemical synthesis at ambient pressure conditions (section 2.2) [74, 100] . The high pressure phases adopt the Th 3 P 4 (I-43d) structure with eight coordinate cations and six coordinate anions, and they are fully recoverable to ambient conditions. The unit cell parameters of the recovered materials are a 0 = 6.701 Å for c-Hf 3 N 4 and 6.740 Å for c-Zr 3 N 4 ( Table 1 ). The bulk modulus values for both nitrides were initially estimated at K o =250 GPa although more recent measurements have found K o =227(7) with K'=5.3(6) for c-Hf 3 N 4 [101] . Both compounds are narrow gap semiconductors with c-Hf 3 N 4 exhibiting transparency to visible light in the red region of the spectrum, while c-Zr 3 N 4 remains opaque. The Raman spectra of both phases are characterized by a dominant feature at ~400 cm -1 between 16 and 18 GPa [17] .
Dzivenko et al. explored alternative routes to synthesis of group 4 nitrides using multi-anvil techniques to produce macroscopic quantities of the materials [102] . Direct reactions between the elements are not feasible in a large volume apparatus so these workers exploited the poorly crystalline Zr 3 N 4+x , synthesized by the ammonolysis of Zr(NEt 2 ) 4 [89] , as their precursor and carried out experiments at 12 GPa and 1900 K. Electron microprobe analysis of the recovered sample revealed a small but significant oxygen content resulting in a composition of Zr 2.86 (N 0.88 O 0.12 ) 4 . TEM examination did not reveal any amorphous oxide layer and it was concluded that the oxygen was incorporated into the crystal structure substituting for the nitrogen atoms. The structure type was the same Th 3 P 4 type lattice found via the LH-DAC synthesis route, but with a slight increase in the lattice parameter to a o = 6.7549 Å when compared to 6.740 Å for c-Zr 3 N 4 ( Table 1 ). The introduction of oxygen requires the creation of vacancies on the cation sites that could be partly responsible for the slight lattice expansion. SEM reveals a porous surface that could be associated with N 2 loss during the high-P,T synthesis experiments, and Vickers microhardness measurements reveal H v =12.0(6) GPa, lower than found for the fully dense c-Zr 3 N 4 material (H v >30 GPa) [33, 103] . Analogous synthesis attempts made with Hf 3 N 4 produced a mixture of crystalline c-Hf 3 N 4 along with HfO 2 and HfON phases [103] .
Despite the success of the above approaches, the most revealing observation for nitride chemistry is that other predicted phases such as Ti 3 N 4 and WN 2 cannot be prepared in this way, indicating that a more subtle approach combining chemical precursors with the high-P,T synthesis is needed.
Theoretical predictions
Ab initio or first principles calculations and structure prediction methods are playing an increasingly important role in the search for new nitrides. The most important studies have been carried out using density functional theoretical techniques (DFT) with the electron exchange and correlation approximated either within the Local Density Approximation (LDA) or the Generalized Gradient Approximation (GGA). Most studies employ pseudo-potentials and the expansion of the electronic wave function into a plane-wave basis set. GGA calculations are most useful to access relative enthalpies, while LDA calculations are typically better for vibrational and elastic properties. Optimizing all structural parameters and computing the enthalpy at various pressures can be very fast -within seconds -for simple structures without many degrees of freedom. However, studying materials with large unit cells or using supercells to study defective structures takes considerably more effort and can require access to large supercomputers or clusters.
A typical computational strategy is to investigate the relative stability of a series of candidate high pressure phases, although increasingly methods including random structure search and evolutionary algorithms are being applied to predict the structures of new high pressure phases [104] [105] [106] . In general, DFT calculations yield a quite accurate assessment of the relative enthalpies of different phases. When comparing ideal solid state structures of equal composition, examining enthalpy differences between the phases usually provides a sound estimate of thermodynamic stabilities and phase sequences, since contributions from the vibrational entropy are small and will be compensated by only a few GPa variation of pressure. Transition pressures obtained from enthalpy differences between phases usually fall within 2-3 GPa of experimental values. Larger deviations are generally indicative of strong entropy effects, presence and impact of defects, or possibly erroneous experimental data sets.
In searching for new nitrides, it is dangerous to infer "stability" of metal nitrogen compounds of different composition without explicitly including the thermodynamics of nitrogen at elevated temperatures. Reported enthalpy differences have their meaning only at zero Kelvin, and the often-inferred "stability" of a compound --and with it the likelihood of its synthesis --may only be valid at extreme low temperatures. In a series of papers, Kroll developed an approach to explicitly incorporate fugacity of nitrogen into thermochemical calculations of high-temperature, high-pressure phase stability of metal-nitrogen compounds [107] [108] [109] . As a rule of thumb, existing experimental data yields that at 1000 K and ambient pressure an additional 2 eV per gaseous N 2 molecule has to be taken into account to yield Gibbs energy differences. About a third of this needs to be considered at ambient temperature. Pressure reduces this effect, noticeably increasing fugacity of nitrogen. A full pressure-temperature dependency of fugacity, and how to include this in the assessment of stability of metal-nitrogen compounds is given by Kroll et al. [107] .
Structural characterization of higher nitrides
Ti 3 N 4 , Zr 3 N 4 and Hf 3 N 4
The adventitious discovery of spinel-structured polymorphs of the main group nitrides Si 3 N 4 and Ge 3 N 4 was described above. Theory predicts that analogous materials should also exist for Ti 3 N 4 and other transition metal nitride systems [110] , with potentially useful electronic, structural and chemical properties [23, 24] . However, none of these compounds have been prepared to date. Titanium lies just above Zr and Hf in group 4 of the periodic table, and it might be expected to show analogous behaviour to Si and Ge. The stable oxide is TiO 2 with formally +4 cations.
However, all high-P,T synthesis studies to date have resulted in the mononitride TiN x (with x ranging between 0.76 -1.05) with a rocksalt structure and metallic properties [17] .
Kroll investigated the relative stability of high pressure polymorphs for the Hf 3 N 4 , Zr 3 N 4 and Ti 3 N 4 compositions using a DFT approach [108, 109] . That work found the cubic Th 3 P 4 structured polymorphs of Hf 3 N 4 and Zr 3 N 4 to be stabilized above 15-20 GPa relative to orthorhombic forms of these nitrides, as observed experimentally [17] . Both of these structures as well as a spinelstructured polymorph were predicted to occur in the 15-30 GPa range for Ti 3 N 4 [110] . The fact that these compounds have not been observed is thus not due to any intrinsic lack of stability, but likely that the very high density and exothermic heat of formation of the mononitride phase precludes its synthesis from the elements or via TiN + N 2 reactions. Identifying viable routes to Ti 3 N 4 synthesis and recovery is important for creating a new generation of semiconducting materials comparable to TiO 2 , a system with important optoelectronic and photocatalysis properties [111] [112] [113] [114] [115] .
An orthorhombic phase of Zr 3 N 4 was known from chemical synthesis studies at ambient P conditions, and a new high pressure cubic polymorph synthesized using high-P,T methods from the elements was described above (Figure 3 ). Previously no Hf 3 N 4 phase had been reported, but a cubic phase analogous to Zr 3 N 4 was found using the same LH-DAC technique [17] . 
Ta 3 N 5
Tantalum-nitrogen structures at ambient pressure range from solid solutions of nitrogen in closepacked tantalum to nitrogen-rich phases, including Ta 3 N 5 with tantalum in formal oxidation state +5 (Fig. 1) . The high-pressure structural chemistry and properties of the mononitride TaN are developed experimentally and theoretically [116, 117] . e-TaN (CoSn-type (P6/mmm)) is the structure with lowest enthalpy and above 8 GPa the J-TaN (WC-type (P-6m2)) becomes the stable structure stype [107, 117] 
New nitrides of the Pt group metals
Unexpected reactivity is observed in the noble metals when heated in nitrogen at high pressure. Platinum [19, 122] , osmium [20] , iridium [19, 20] and palladium [21] form metal binary nitrides with stoichiometry MN x>1 ( Table 1 ). The first of these was reported by Gregoryanz et al. with the synthesis of binary platinum nitride by direct reaction between the elements above 45 GPa in the LH-DAC [122] . They initially reported a 1:1 stoichiometry based on EDX analysis and a fcc lattice with a=4.8 Å. Although from their diffraction data they could not distinguish between space groups F4-3m and Fm-3m, they concluded that the first of these, the zinc blende structure, was best supported by their Raman spectroscopy data. A number of theoretical papers followed questioning the proposed structure and also the stoichiometry [123] [124] [125] . A repeat of the same experiment a few years later by Crowhurst et al. disputed the suggested stoichiometry and structure of the binary platinum nitride and proposed that the compound had a higher nitrogen content with stoichiometry PtN 2 [19] . DFT calculations had previously showed that PtN with the zinc blende structure as initially proposed became less stable at higher pressure due to having a lower density than the constituent elements at the same given pressure. A pyrite structure with covalently bonded N 2 units was then proposed ( Figure 5 ) [19, 124, 126] . Interestingly, this structure contains anionic N 2 units with bond lengths suggesting singly bonded species. That would then indicate the presence of (N 2 ) 4-anions with four electrons in the antibonding p g * orbitals, and hence a formal +4 state for the metal, although significant covalent interactions were found to be present [19] . The synthesis of IrN 2 [19, 20, 127] and OsN 2 [20] followed using direct laser heating of the elements at pressures around and above 50 GPa. In both cases there is experimental uncertainty regarding possible structure types of these systems as the reactions between the metal precursors and the nitrogen rich environment occur on the surface. This is shown by the relative intensities of the metal precursor to that of the respective nitride which in the case of IrN 2 is 100:1 in respect to the metal to nitride ratio and therefore X-ray diffraction patterns are dominated by the unreacted bulk metal [19] . An additional complication that can be generalized to studies all of the noble metal nitrides is that the XRD patterns are mostly dictated by the heavy cations present in the unit cell and very little information can be obtained concerning the nitrogen positions or contributions to the diffraction intensities. This problem is exacerbated by the tiny sample sizes available from high-P,T synthesis experiments combined with poor powder diffraction statistics. Theoretical studies by Yu et al. and others suggest that possible solutions include a marcasite (Pnnm) structure type for OsN 2 and a CoSb 2 (P2 1 /c) structure type for IrN 2, in close agreement with experimental diffraction data [20, 21] , as the most stable solutions within the experimental pressure range (Figure 6 ) [128] . This is confirmed by directly comparing the proposed crystal structures with the reported diffraction and Raman studies. Both IrN 2 and OsN 2 have extremely high bulk modulus values of 400+50 GPa [20, 128] and >350 GPa [20, 128] respectively, that represent incompressibility values comparable to that of c-BN and diamond. The two structure types are closely related to each other and the marcasite structure is a parent space group of the CoSb 2 structure that can be formed by a cell-doubling distortion. The most recent discovery of the noble metal nitrides is that of palladium nitride formed at higher pressures of above 58 GPa although requiring much gentler heating, below 700 C [21] . A nitrogen to metal stoichiometry of 2:1 with a pyrite structure was considered to have been achieved and this suggestion is supported by a theoretical calculation [129] , giving rise to a similar structure to PtN 2 . Unlike the other noble nitrides this material is highly sensitive to conditions during decompression and is not recoverable below 13 GPa.
W, Re and Ru nitrides
The nitrogen-rich part of the W-N phase diagram provides -currently -less variety than its Ta analogue. The most stable mononitride of WN adopts the NiAs-type (P6 3 /mmc) structure, with the WC-type (P-6m2) structure somewhat higher in energy [107] . In 2005, Kroll et al. provided an assessment of the high-temperature, high-pressure phase diagram of tungsten-nitrogen compounds [107] . In accordance with the general trend of coordination increase, it was predicted that at very high pressure tungsten adopts nine-fold coordination in a cotunnite-type (Pnma) WN 2 . The cotunnite structure exhibits isolated nitride ions, N 3-, and, thus, tungsten adopts its highest possible oxidation state +6.
Wang et al. corrected the predicted low-pressure phase sequence of WN 2 [130] . They found that up to at least 60 GPa two new structure candidates of WN 2 , both comprising pernitride units, N 2 4-, that are preferred in enthalpy. These structures can be viewed as NiAs-type and WC-type structures, respectively, with the pernitride unit occupying the anion position ( Figure 7) . Thus, W exhibits 6-fold coordination by nitrogen and an oxidation state of +4. Interestingly, both tungsten pernitride structures are predicted to be semiconductors. The Vickers hardness of the WN 2 phases is predicted to be 36 GPa. This high value is attributed to the linkages between close-packed layers of W atoms via the single N-N bond of the pernitride unit, which provides a strong resistance to shearing. However, hardness of pernitride WN 2 will deteriorate at high pressures as found by Li et al. via inspection of its shear modulus at high pressure [131] . Additional tungstennitrogen compounds with compositions WN 2 and WN 3 have been predicted to exist theoretically by Song et al. [132] .
Figure 7:
The NiAs-type hcp (P6 3 /mmc, left) and the WC-type (P-6m2, right) structures of the hexagonal phases of WN 2 predicted by Wang et al. [130] with W having 6-fold coordination and an oxidation state of +4.
There have been reports of varying WN x compositions prepared using thin film deposition routes although due to poor crystallinity their structures have not been characterized [133] . Most recently, Wang et al combined synthesis and computation studies to suggest two new phases of W 2 N 3 and one of W 3 N 4 (Table 1) [134] . The three new compounds were all reported to be produced at 5 GPa, but using different temperatures. The low-temperature (880 K) modification, rhombohedral r-W 2 N 3 (R3), was characterized as an alternation of layers of edge-sharing WN 6 octahedra and layers of edge-sharing WN 6 The bulk modulus of both W 2 N 3 polymorphs has been experimentally determined. Surprisingly, K o of h-W 2 N 3 was suggested to be significantly larger than that for r-W 2 N 3 , i.e. 331 GPa versus 226 GPa, respectively. Though the authors suggest that strong covalent N-N bonds may be responsible for this observation, the reported structure data shows an interlayer distance between N atoms of ~2.7 Å, which is far larger than a N-N bond distance. Maintaining the pressure at 5 GPa, but increasing the temperature to 2273 K, leads to the decomposition of h-W 2 N 3 to cubic c-W 3 N 4 (Pm3m), lowering of the nitrogen content from WN 1.5 to WN 1.33 . W 3 N 4 is described as an ordered defective CsCl-type structure with ¼ of cations (tungsten atoms) missing. When the temperature is further increased to 2570 K, d-WN with the WC-type structure is obtained. The computed aggregate shear modulus of c-W 3 N 4 is 183 GPa, which is quite high among the nitrogen-rich metal nitrogen compounds. Hence, it may be expected that c-W 3 N 4 will exhibit a Vickers hardness greater than 40 GPa [134] . Kroll gave a first account of a phase diagram of Re-N compounds with high metal oxidation state [22] . For the mononitride ReN the lowest energy structure was predicted to adopt a cooperitetype structure with the metal cation in square-planar coordination to nitrogen. The NiAs-type with higher density rivals the cooperite in energy at zero pressure, but will be the most favorable structure of ReN for pressures above 6 GPa. Subsequently, the theoretical work by Li and Zeng reported elastic properties of the NiAs-type of ReN. Based on the computed bulk modulus of 450 GPa they estimated a hardness of 32 GPa [135] . The lowest energy modification of the dinitride ReN 2 was predicted by Kroll to adopt a columbite-type structure, but this was closely rivalled by a rutile-type modification [22] . Zhao and Wu studied the rutile modification of ReN 2 [136] . They computed a negative enthalpy of formation for the structure and predicted its stability to up to 76 GPa, beyond which a pernitride may be more favourable. Li and Zeng corroborated that an orthorhombic structure, isostructural to -ReO 2 type, to columbite, and to -PbO 2 , is indeed the ground state modification of ReN 2 [137] . They also computed a bulk modulus for this structure to 331 GPa and estimated a hardness of 17 GPa. Du et al. studied a structure derived from the CsCltype (Pm-3m), with pernitride dumbbells occupying the anion positions [138] . They found remarkably high bulk and shear moduli for this structure, and estimated its hardness to be 46 GPa. They proposed that this tetragonal structure will be accessible in high-pressure experiments above 33 GPa. Kroll predicted a monoclinic CoSb 2 -type (P2 1 /c) structure, also containing pernitride N 2 4--units, as the thermodynamically most favourable modification of ReN 2 at pressures exceeding 20 GPa [22] .
Many open and interesting questions remain concerning the Re-N phase system, that must be addressed by future experimental studies. All the computational studies appear to agree that a dinitride ReN 2 , with Re in oxidation state +6, is favored at low pressure but this becomes energetically less favourable with respect to a pernitride ReN 2 with Re in oxidation state +4 at higher pressures. This is a remarkable result, because we usually relate the increase of pressure to an increase in oxidation state of the metal cation. It is not yet clear if this predicted and counterintuitive behaviour of Re-N compounds is simply a consequence of the limited number of structures investigated theoretically, and experiments must be carried out to explore the problem further. Most recently, high-pressure experiments have suggested formation of a ReN 2 compound with a MoS 2 structure, with an unusually long axis length perpendicular to the layer plane [139] .
Computational studies by Moreno-Armenta et al. have noted that ruthenium nitrides with N:Ru ratios >1:4 appear to be always metastable against dissociation into metallic Ru and N 2 [140] . This group also synthesized a mononitride RuN with NaCl-type (Fm-3m) structure in ablation experiments and found it to be only marginable stable at ambient conditions. Subsequently, Yu et al. predicted theoretically a marcasite-type structure to be the lowest energy modification of RuN 2 [141] . Due to the presence of the pernitride N 2 4--unit, Ru adopts the oxidation state +4 in this structure. The low-pressure phase relations of RuN 2 were adjusted by theoretical studies of Li et al, who found a new ground state structure for P < 8 GPa containing N=N (N 2 2-) units, bridging between close-packed metal layers. Hence, a transition from the proposed ground state to the high-pressure marcasite phase would constitute an increase in the oxidation state of the metal cation from +2 to +4. As to the possibility of a synthesis at high-pressure, high-temperature conditions, Kroll has showed that synthesis of RuN 2 phases from the elements of would require pressures exceeding 30 GPa at T > 3000 K [22] . These predictions now await detailed highpressure experiments to investigate the formation of new series of Ru-N compounds and polymorphs.
Summary and conclusions
To date only a few synthesis studies either using chemical precursor approaches at ambient pressure or at high-P,T conditions have resulted in the formation of highly nitrided transition metal compounds and polymorphs, although such new phases are predicted to exist by first principles calculations. The known phases to date are listed in Table 1 . The main barriers to these synthetic studies include the high thermodynamic stability and low reactivity of molecular N 2 in its gaseous or fluid state, combined with the large exothermic formation enthalpy and high density of the mono-or lower nitride materials. High-P,T synthesis techniques or chemical routes involving precursors have resulted in the synthesis and recovery of several such new higher nitride phases, but this remains an active field for future study. Yet to be reported [21] 
